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INTRODUCTION 


The  Civil  Engineering  Laboratory  (CEL)  has  developed  a family 
of  supercorroding  magnesium  alloys  that  react  spontaneously  and 
vigorously  in  seawater.  The  alloys  predictably  self-destruct  by 
corrosion  processes  and  produce  usable  quantities  of  heat  and  hydrogen 
gas.  This  research  was  performed  with  Independent  Exploratory  Develop- 
ment funds  and  conducted  during  FY-78. 

Discovery  of  the  alloys  evolved  during  research  aimed  at  utilizing 
the  accelerated  corrosion  of  magnesium  in  the  form  of  a short-circuited 
seawater  battery  to  produce  heat  for  military  divers^.  Although 
the  alloys  were  originally^conceived  as  an  efficient  heat  and  hydrogen 
gas  source,  early  research^  indicated  other  potential  applications. 

The  research  described  herein  was  conducted  to  provide  further  inform- 
ation on  the  mechanical  strength,  corrosion  properties,  and  self- 
destructing  predictability  of  the  alloys  in  compacted  powder  form 
for  possible  use  as  oceanographic  timing  and  activating  devices. 

Such  devices,  usually  referred  to  as  corrodable  links,  are  useful 
for  recovery  of  ocean  installed  instruments,  shedding  of  protective 
shrouds,  delayed  activation  of  mechanical  or  electrical  functions, 
and  scuttling  or  discarding  appendages  underwater. 

Various  cathodic  materials  in  powdered  form  were  mechanically 
alloyed  with  magnesium,  and  evaluated  to  determine  the  reaction 
rate  in  seawater.  Samples  of  each  of  the  powdered  alloys  were  compacted, 
sintered  and  tested  to  determine  their  mechanical  properties  and 
corrosion  characteristics.  The  goal  was  to  obtain  preliminary  information 
on  the  alloys  for  use  in  the  design  of  underwater  corroding  links. 


BACKGROUND 

In  general,  magnesium  reacts  with  seawater  according  to  the 
formula: 


Mg  + 2H2O  ->  MglOH)^  + + heat  (1) 

The  reaction  has  a theoretical  energy  density  of  14.9  kJ/kg  (1885 
W-hr/lb)oand  produces  1.0  liter  of  hydrogen  gas  per  gram  of  magnesium 
(14.8  fr/lb)  at  STP. 

By  itself,  magnesium  corrodes  slowly  in  seawater  because  of 
low  local  potential  differences  within  the  magnesium.  When  a suitable 
cathodic  material  is  brought  into  close  proximity  and  electrically 
connected  to  the  magnesium,  an  electrochemical  cell  (battery)  is 
formed,  and  the  corrosion  reaction  proceeds  rapidly.  The  dual-plate 
cell  shown  in  Figure  1 represents  this  configuration.  When  the 
electrical  load  is  replaced  by  a short  circuit,  the  reaction  proceeds 
even  more  rapidly,  and  the  cell  efficiently  produces  heat  and  hydrogen 
gas.  The  rate  of  reaction  has  been  shown  to  be  a function  of  (1) 
electrolyte  temperature,  pH,  salinity,  and  density,  (2)  anode-cathode 
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Figure  1.  Dual  Plate  Cell  Arrangement.  For 

maximum  heat  or  hydrogen  gas  production 
the  electrical  load  is  replaced  by  a 
short  circuit. 
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plate  spacing,  and  (3)  ambient  pressure  ’ . The  basic  problem  with 
the  dual  plate  cell  is  that  the  power  decays  as  magnesium  is  consumed. 
That  is,  as  the  magnesium  plate  becomes  thinner  the  electrode  gap 
increases,  and  subsequently  the  internal  cell  resistance  increases 
and  power  decays. 

Supercorroding  alloys  were  conceived  as  a potential  solution 
to  eliminate  the  dual  plate  power  decay.  In  the  early  developmental 
stage  powdered  metal  mini-cells  were  fabricated  by  ball-milling  (using 
lightweight  ceramic  balls)  a mixture  of  iron  and  magnesium  powders. 

The  milling  produced  composite  powdered  particles  with  iron  bonded 
to  the  magnesium  surface. 

Tests  showed  that  rapid  corrosion  rates  were  achieved  with 
the  mini-cells,  but  that  the  reaction  efficiency  (percentage  completion) 
was  low.  The  accelerated  reaction  rate  was  attributed  to  the  close 
proximity  of  the  anode-cathode  pairs  and  the  relatively  large  cathode 
surface  area.  The  low  efficiency  was  attributed  to  poor  electrical 
contact  and  low  mechanical  strength  of  the  Mg-Fe  particle  bond.^ 

Hydrogen  bubble  formation  in  gaps  at  the  bond  surface  between  the 
iron  and  magnesium  particles  coupled  with  weak  bond  strength  resulted 
in  many  of  the  bonds  breaking  before  the  magnesium  particle  was 
completely  reacted. 

A process  called  mechanical  alloying  has  been  used  to  develop 
new  materials  which  overcome  the  problems  that  limited  the  mini- 
cell's  efficiency.  The  process  was  developed  by  the  International 
Nickel  Company  (INCO)  for  forming  alloys  not  possible  by  conventional 


techniques.  For  example,  using  conventional  alloying  methods  less 
than  1%  iron  can  be  dissolved  in  magnesium;  the  INCO  process  can 
alloy*  virtually  any  amount  of  iron  that  is  desired.  Samples  of 
powdered  alloys  have  been  fabricated  with  as  much  as  20%  iron  content. 
Tests  have  shown  that  magnesium-based  alloys  from  this  process  react 
several  orders  of  magnitude  faster  and  more  efficiently  than  the 
mini-cells.^  Because  of  their  extremely  rapid  corros’nn  rate  and 
high  reaction  efficiency  these  materials  were  named  supercorroding 
al loys. 


SUPERCORRODING  ALLOY  FORMATION 

Supercorroding  mechanical  alloys  in  powdered  form  are  produced 
from  powdered  constituents  using  a high  energy  ball  mill.  The  mill 
containing  the  powders  consists  of  a vertical  cylindrical  drum  with 
a series  of  internal  horizontal  impellers.  The  impellers  are  attached 
to  a shaft  which  is  turned  externally  by  an  electric  motor.  Turning 
the  impellers  agitates  steel  balls  inside  the  drum.  Every  time 
steel  balls  collide,  powder  particles  are  trapped  between  them. 

The  force  of  impact  creates  atomically  clean  surfaces  on  the  trapped 
particles  and  welds  them  together.  An  inert  atmosphere  (C0;f)  prevents 
reoxidation  of  the  surfaces.  By  repeated  flattening,  fracturing 
and  rewelding  supercorroding  alloys  are  formed. 

The  tendency  of  powdered  particles  to  cold-weld  together  pre- 
dominates during  the  early  stage  of  the  process.  As  milling  continues, 
the  particles  get  harder  and  more  brittle.  Eventually  a balance 
results  between  welding  and  particle  fracturing.  Continued  milling 
refines  the  particles'  characteristic  layered  structure.  An  example 
of  this  structure  is  shown  in  the  photomicrograph  in  Figure  2.  The 
gray  areas  are  iron;  the  thickness  of  each  layer  in  the  composite 
particle  decreases  from  repeated  impacts.  A more  complete  description 
of  the  INCO  process  for  fabricating  mechanical  alloys  is  given  in 
reference  7. 
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*The  term  alloy  or  supercorroding  alloy  used  herein  denotes  a homogeneous 
mixture  of  minute  galvanic  cell  particles  which  have  strong  bonds  between  ! 

micro-cell  constituents  and  intimate  atomic-level  electrical  contact.  i 
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Photo  micrograph  of  mechanically  alloyed  magnesium- 
iron  particle  magnified  500x  contains  5 atomic  per- 
cent Fe.  Iron  appears  as  the  dark  gray  areas  within 
the  magnesium  matrix. 


TEST  PROGRAM 

The  compositions  of  the  alloys  used  to  fabricate  test  samples 
and  for  subsequent  evaluation  were  selected  from  the  results  of  previous 
research.^  The  objective  of  this  selection  process  was  to  obtain  a 
range  of  reaction  rates  from  hours  to  minutes.  Prior  to  the  manufacture 
of  the  final  powdered  alloys,  one  specific  alloy  was  produced  us-ng 
several  different  milling  parameters  (e.g.,  milling  time  and  milling 
energy).  These  samples  of  this  particular  alloy  were  then  tested 
to  determine  which  set  of  milling  parameters  produced  the  optimum 
(most  rapid)  reaction  rate  and  highest  reaction  efficiency.  Because 
resources  did  not  allow  a similar  investigation  to  be  conducted 
for  each  of  the  other  alloys,  this  set  of  milling  parameters  was 
used  in  the  manufacture  of  all  the  remaining  powdered  alloys.  The 
list  of  powdered  alloys  thus  produced  is  presented  in  Table  1. 


Table  1.  Characteristics  of  Prepared  Magnesium  Based 
Supercorroding  Alloy  Powders. 


Cathode 

Cathode  Content 

Apparent 

Density 

(•laterial 

(Atomic  Percent) 

(jZccL 

Fe 

.7 

.63 

Fe 

1.6 

.63 

Fe 

4.3 

.69 

Fe 

9.8 

.79 

Fe 

19.0 

.90 

Ni 

4.4 

.70 

Ti 

4.6 

.66 

Cu 

4.3 

.71 

C 

4.3 

.59 

After  fabrication  of  these  powders,  samples  of  the  Mg-9.8  Fe* 
alloy  were  compacted  in  the  form  of  barstock  (1.07  cm  square  by 
6.5  cm  long)  and  discs  (1.27  cm  dia  by  .32  cm  thick).  The  compaction 
was  performed  at  four  different  pressures.  Several  of  the  550  M 
pascal  (40  TSI)  compacted  samples  were  sintered  under  various  conditions 
of  time  and  temperature.  Testing  of  these  Mg-9.8  Fe  samples  was 
used  to  determine  the  sintering  conditions  for  optimum  reaction 
rate  and  efficiency  and  also  the  effect  of  compaction  pressure  on 
the  reaction.  Optimum  sintering  conditions  and  550  M pascal  (40 
TSI)  compaction  pressure  were  then  used  to  prepare  barstock  and 
disc  samples  from  the  alloys  listed  in  Table  1. 

Final  testing  of  the  alloys  shown  in  Table  1 was  conducted  as 
shown  below: 


Reaction 

Reaction 

Time  to 

Surface 

Mechanical 

Powde  rs 

Ba rstock 

Rate 

X 

Efficiency 

X 

Fai 1 ure 

X 

Corrode  Rate 

X 

Strength 

X 

Discs  X X 


*Mg-9.8  Fe  represents  a supercorroding  alloy  with  magnesium  as  the  anode 
material  and  9.8  atomic  percent  iron  as  the  cathode  material. 


Test  Procedure 


The  corrosion  performance  of  supercorrodi ng  alloys  was  evaluated 
by  collecting  the  hydrogen  produced  from  the  seawater  reaction  (equation  1’ 

1)  of  both  powders  and  disc  samples  and  comparing  the  results  to 
theoretical  gas  production.  The  theoretical  volume  o-^  hydrogen  i 

liberated  in  the  reaction  for  each  gram  of  magnesium  consumed  is  = 

approximately  1.0  liter  at  23.7°C  and  one  atmosphere  (15.9  ftvlb. 
mg  at  75°F). 

The  experimental  arrangement  for  powdered  alloy  and  compacted  ’ 

disc  tests  is  shown  in  Figure  3.  Test  samples  were  weighed  on  an  ; 

analytical  balance  and  placed  in  a reaction  flask  in  a constant  tempera- 
ture bath.  Fifty  milliliters  of  seawater  were  transferred  from 

a second  flask  to  the  reaction  flask.  The  hydrogen  produced  by  the  ‘ 

reaction  was  then  collected  in  an  inverted  graduated  cylinder.  Hydrogen  , 

evolved  as  a function  of  time  was  visually  observed  as  water  displaced 
in  the  graduated  cylinder.  All  data  were  manually  recorded. 


Figure  3.  Apparatus  for  measuring  hydrogen  produced  by  powdered 
and  disc  samples  of  supercorrodi ng  alloys.  The  dual 
hoses  between  reaction  and  seawater  flasks  allow 
transfer  of  fluid  between  flasks 


Barstock  samples  were  tested  by  INCO  to  determine  transverse 
rupture  (tensile  strength)  and  shear  strength.  Transverse  rupture 
tests  were  performed  in  accordance  with  ASTM  specification  B 578- 
70  except  that  the  specimen  thickness  was  1.07  cm  instead  of  .64 
cm.  Shear  strength  was  determined  according  to  ASTM  specification 
B 565-72. 

Barstock  samples  were  tested  to  determine  the  time  to  corrosion 
failure  under  a fixed  tensile  load.  The  samples  were  drilled  at 
each  end  to  accept  nylon  fishing  line.  Except  for  a .6  cm  wide 
circumferential  strip  about  the  center  of  each  bar  tne  surfaces 
were  coated  with  epoxy  cement  to  preclude  seawater  contact.  A prepared 
sample  is  shown  in  Figure  4.  Each  sample  was  placed  in  a seawater 
tank  with  a 5.33  kg  tensile  load  applied  to  the  bar  through  the 
fishing  line  via  a weight  and  a series  of  pulleys  as  shown  in  Figure 
5.  A trip  line,  which  would  activate  when  the  bar  corroded  through 
and  the  ends  separated,  was  attached  to  an  electrical  switch  on 
a clock.  The  clock  was  manually  started  when  the  bar  was  immersed 
in  seawater  and  stopped  automatically  when  the  ends  of  the  bar 
separated.  In  this  manner  the  time  to  failure  was  recorded. 


SB 


Figure  4.  Samples  of  barstock  3.2  cm  long,  with  a .6  cm 

square  cross-section  were  prepared  as  shown  above. 
A weight  of  5.33  kg  was  suspended  from  the  sanple 
which  was  immersed  in  seawater.  The  failed  sample 
is  shown  above. 


Figure  5.  Arrangement  for  detemiining  time-to-fai  1 ure 
of  barstock  samples  prepared  as  shown  in 
Figure  4.  When  the  sample  breaks  the  weight 
moves  downward  and  the  magnetic  switch  is 
opened  thus  stopping  the  clock. 


Tests  were  conducted  to  determine  tne  corrosion  rate  of  a f at 
surface  Samples  of  barstock  were  coated  with  epoxy  cement  on  a 1 
IZflclk  rxceot  for  one  end.  The  sample  was  placed  in  seawater  with 
f-hP  iinroated  surface  facing  up.  Measurements  of  the  depth  of  corrosio 

i re  n«de  ft  rfSar  interval?  (out  of  water)  using  a 

d^h  gauge.  The  surface  was  lightly  scraped  to  remove  loose  corrosion 

products  prior  to  taking  data. 


RESULTS 


Powdered  Samples 

Samples  of  the  Mg-9.8  Fe  alloy  powder  which  were  fabricated 
using  different  milling  parameters*  were  testeo  to  determine  reaction 
rate  and  reaction  efficiency.  The  test  results  (Figure  6)  clearly 
show  that  milling  parameters  affect  reaction  characteristics  and 
that  optimum  performance  can  be  achieved  by  selecting  the  appropriate 
parameters.  The  milling  parameters  used  in  the  preparation  of  sample 
"A"  were  selected  for  manufacture  of  the  remaining  alloys. 


Figure  6.  Samples  A,  B,  and  C of  Mg-9.8  Fe  alloy  were  prepared 
using  different  milling  parameters  such  as  speed  of 
mill,  ball-to-powder  ratio  and  time  in  mill.  Para- 
meters of  sample  "A"  were  used  for  preparation  of 
the  remaining  alloys. 


*Milling  parameters  included:  time  of  milling;  speed  of  the  mill;  and 
ball-to-powder  ratio. 


Figure  7 presents  the  results  of  corrosion  tests  of  magnesium 
powders  with  different  anounts  of  iron  cathode.  Increasing  the 
cathode  content  results  in  an  increase  in  the  reaction  rate. 


Figure  7.  Reaction  characteristics  for  powdered 
alloys  with  increasing  iron  content. 


As  shown  in  Figure  8,  the  reaction  rate  is  a strong  function  of  cathode 
content  up  to  10  atomic  percent.  Increasing  the  cathode  content 
above  lOX  only  slightly  increases  the  reaction  rate.  Similar  results 
can  be  expected  for  alloys  with  other  cathode  materials. 
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Figure  8.  This  plot  of  the  time  required  for  alloy  powders  with 
different  iron  content  shows  the  trend  of  increasing 
reaction  rate  for  increasing  cathode  content. 


Figure  9 shows  the  results  of  tests  with  the  powdered  alloys 
of  different  cathode  material,  and  approximately  the  same  atomic 
percent  cathode  content.  The  nickel  alloy  reacted  slightly  faster 
than  the  iron  alloy  while  copper,  carbon  and  titanium  (in  decreasing 
order)  reacted  slower.  Note  that  the  iron  alloy  attained  the  highest 
efficiency  of  the  alloys  tested.  It  is  expected  that  the  efficiency 
of  the  other  alloys  would  be  improved  by  optimization  of  their  milling 
parameters . 


100 


Figure  9.  Reaction  characteristics  for  supercorroding 
alloys  with  different  cathode  materials  and 
approximately  the  same  level  of  atomic 
percent  cathode  content.  Nickel  reacted 
fastest;  iron  was  most  efficient,  and 
carbon  reacted  slowest. 


Sintering  and  Compaction 

Mechanical  properties  of  the  Mg-9.8  Fe  alloy  which  was  compacted 
to  550  M pascals  and  sintered  at  various  conditions  are  listed  in  Table 
2.  Tensile  strength  (transverse  rupture)  increases  slightly  with  increasing 
sinter  temperature,  while  shear  strength  "peaks"  near  700  F.  Time  of 
sintering  does  not  seem  to  appreciably  affect  the  mechanical  properties. 
Since  the  optimum  mechanical  strength  is  a desirgble  parameter  for  a 
mechanical  linkage,  the  sinter  conditions  of  700  F and  one  hour  duration 
were  selected  for  preparation  of  the  remaining  samples 
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Table  2.  Properties  of  Compacted*  and  Sintered  Alloys  with  9.8%  Fe 


ntering  Condition 

Sintered 

Density 

(g/cc) 

Transfer 
Rupture 
Strength 
M pascals 

(kpsi) 

Shear 

Strength 

M pascals  (kpsi ) 

600° F/ 3 h/CO^ 

2.11 

79.2 

(11.5) 

71 

(10.3) 

600°F/1  h/CO^ 

2.11 

77.9 

(11.3) 

71 

(10.3) 

700°F/3  h/CO^ 

2.11 

88.2 

(12.8) 

77.2 

(11.2) 

700° F/1  h/CO^ 

2.12 

85.4 

(12.4) 

84.1 

(12.2) 

800°F/1  h/CO^ 

2.10 

88.2 

(12.8) 

69.6 

(10.1) 

*Compacting  pressure  - 550  M pascals  (40  TSI) 


Effects  of  sintering  conditions  on  corrosion  rate  of  the  Mg-9.8 
Fe  alloy  are  presented  in  Figures  10  and  11.  Time  to  failure  of 
the  barstock  samples  for  the  sinter  conditions  is  presented  in  Figure 
12.  The  results  clearly  show  that  the  reaction  rate  decreases  with 
both  increasing  time  and  increasing  temperature  of  sinter. 

Mechanical  properties  of  the  Mg-9.8  Fe  alloy  specimens  which 
were  compacted  at  different  pressures  and  sintered  at  700°F  for  one 
hour  are  presented  in  Table  3.  As  seen  in  Figure  13,  shear  strength 
and  tensile  strength  both  increase  with  compaction  pressure. 

Table  3.  Properties  of  Compacted  and  Sintered*  Mg-9.8  Fe  Powder. 


Compacting 
M pascals 

Pressure 

Sintered 
Densi ty 
(q/cc) 

Transverse 

Rupture 

Strength 

M pascals  (kpsi ) 

Shear 

Strength 

M pascals 

(kpsi) 

70 

( 5) 

1.51 

2.8 

( .4) 

11.7  ( 

1.7) 

140 

(10) 

1.83 

22.1 

( 3.2) 

32.4  ( 

4.7) 

280 

(20) 

1.99 

40 

( 5.8) 

40.0  ( 

7.1) 

420 

(30) 

2.07 

62.7 

( 9.1) 

49.6  ( 

7.2) 

550 

(40) 

2.10 

71.7 

(10.4) 

66.8  ( 

9.7) 

*Sintered 

700°F/1 

hr/CO^ 

13 


Percent  Completion 


Figure  10.  Reaction  Characteristics  for  sample 
of  the  Mg-9.8  Fe  alloy  which  were 
compacted  to  550  M pascal  (40  TSI) 
and  sintered  at  the  indicated  tempera- 
tures for  one  hour  in  a CO^  atmosphere. 
Reaction  rate  decreases  with  increasing 
sinter  temperature. 
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Time  (Hours) 


Figure  11 


. Mg-9.8  Fe  alloys  were  sintered  at 

600®F  for  one  and  three  hours.  Reaction 
rate  decreases  \nth  time  of  sinter. 


Temperature  of  Sinter  (°F) 


Figure  12.  Increasing  the  time  and  temperature 
of  sinter  effects  the  time  to  failure 
for  Mg-9.8  Fe  alloys  as  shown  above. 
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Compaction  Pressure  (M  pascals) 


/OO'^F  1 hour 


Compaction  Pressure  (TSI) 


Mechanical  strength  characteristics 
for  Mg-9.8  Fe  alloy  samples  which 
were  compacted  at  different  pressures 
and  sintered  at  700°F  for  one  hour 
are  shown  above. 


Figure  13. 


Results  of  the  corrosion  tests  with  discs  of  each  compaction 
pressure  are  presented  in  Figure  14.  Powdered  sample  results  are 
included  for  reference.  The  70  M pascal  (5  TSI)  sample  crumbled 
itnmediately  on  immersion  in  the  seawater  and  reacted  almost  as  rapidly 
as  the  powder  sample.  Reaction  rate  decreases  with  increasing 
compaction  pressure  up  to  approximately  420  M pascals  and  continues 
to  decrease  slightly  for  increasing  compaction  pressure  between 
420  M pascals  and  550  M pascals  (30-40  TSI).  These  findings  were 
confirmed  by  the  barstock  time  to  failure  tests  results  as  shown 
in  Figure  15.  Increasing  the  compaction  pressure  beyond  550  M 
pascals  (40  TSI)  is  not  expected  to  significantly  affect  either  the 
reaction  rate  or  time  to  failure. 


1 2 3 


Time  (Hours) 


Figure  14.  Reaction  rate  decreases  as  compaction 
pressure  increases  as  shown  above. 

The  5 TSI  sample  reacted  almost  as 
rapidly  as  the  powdered  sample 

I (dashed  line). 


Compaction  Pressure  m pascals 


Figure  15.  Time  to  failure  for  Mg-9.8  Fe  barstock  samples 
compacted  at  different  pressures  also  shown  are 
the  results  of  tests  at  lower  ambient  temperature. 


Also  shown  in  Figure  15  are  the  results  of  two  time  to  failure  tests 
' performed  at  lower  ambient  temperatures.  The  tests  were  conducted  by 

using  refrigerated  seawater  and  surrounding  the  reaction  vessel  with 
{ . ice  Starting  temperature  was  aoproximately  rC,  and  at  termination 

tne  seawater  was  approximately  6°C.  The  results  show  that  the  time  to 
failure  is  substantially  increased  (decreased  reaction  rate)  by  lowering 
the  temperature. 
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Alternate  Cathode  Compacts 


The  alloys  with  different  anwunts  of  iron  cathode  content  (iron 
series)  and  those  with  other  cathode  materials  were  compacted  into 
disc  and  barstock  form  at  550  M pascals  (40  TSI).  All  specimens 
were  sintered  at  700°F  for  one  hour  in  a CO2  atmosphere.  Mechanical 
properties  of  these  alloys  are  shown  in  Table  4.  Mechanical  strength 
does  not  vary  uniformly  with  increasing  iron  content.  The  fact 
that  the  Mg-9.8  Fe  sample  is  slightly  stronger  than  the  others  iron 
series  alloys  is  attributed  to  optimization  of  its  milling  parameters 
of  the  prepared  samples  tested,  the  Mg-4.6  Ti  was  strongest  with 
carbon,  nickel,  iron  and  copper  following  in  decreasing  order  of 
strength. 


Table  4.  Properties  of  Compacted*  and  Sintered*  Alloys. 

Transverse 


Sintered  Rupture  Shear 

Density  Strength  Strength 


Alloy 

PM  No. 

Ca/pcJ. 

M pascals 

(kpsi) 

M pascals 

(kpsi) 

Mg-  .7  Fe 

1311 

1.79 

68.9 

(10  ) 

61.3 

( 8.9) 

Mg-1.6  Fe 

1308 

1.81 

64.8 

( 9.4) 

59.3 

( 8.6) 

Mg-4.3  Fe 

1309 

1.93 

61.3 

( 8.9) 

63.4 

( 9.2) 

Mg-9.8  Fe 

1306 

2.10 

71.7 

(10.4) 

66.8 

( 9.7) 

Mg-19  Fe 

1310 

2.42 

67.5 

( 9.8) 

68.2 

( 9.9) 

Mg-4.3  Cu 

1312 

1.87 

44.1 

( 6.4) 

50.3 

( 7.3) 

Mg-4.4  Ni 

1313 

1.94 

74.1 

(10.8) 

66.8 

( 9.7) 

Mg-4.3  C 

1314 

1.78 

88.9 

(12.9) 

65.5 

( 9.5) 

Mg-4.6  Ti 

1315 

1.89 

93.7 

(13.6) 

80.6 

(11.7) 

*Compacting  Pressure  - 550  M pascals  (40  TSI) 
Sintered  700°F/1  hr/CO^ 
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Disc  corrosion  test  results  for  the  iron  series  are  presented  in 
Figure  16  Time  to  failure  for  the  barstock  is  shown  in  Figure  17.  As 
expected  from  the  results  of  the  powder  tests,  the  reaction  rate  increases 
significantly  with  higher  cathode  content. 


Figure  16.  Reaction  rate  for  the  iron  series  alloys 
discs  compacted  to  550  M pascals  increases 
with  increasing  cathode  content. 


4 5 

Time  (Hours) 


Atomic  Percent  Iron  Cathode  Content 


Barstock  time-to-failure  decreases  with  increasing 
cathode  content  as  shown  above  for  the  iron  series 
alloys. 


The  corrosion  performance  of  alloy  discs  of  different  cathode 
materials  is  shown  in  Figure  18  Nickel  reacted  more  rapidly  with  iron 
a close  second  Titanium,  copper  and  carbon  in  decreasing  order  reacted 
slowest.  In  the  barstock  time  to  failure  tests  (Figure  19)  the  nickel 
alloy  reacted  faster  with  the  titanium  alloy  second.  Iron,  copper  and 
carbon  alloys  reacted  slowest. 


Surface  Corrosion  Rate 

Tests  were  conducted  to  determine  the  corrosion  rate  of  a flat  surface. 
The  number  of  tests  conducted  was  limited  because  of  the  unavailability 
of  samples.  Surface  corrosion  rates  for  the  iron  series  alloys  are  plotted 
in  Figure  20.  The  corrosion  rates  for  all  alloys  tested  are  presented 
in  Figure  21.  Note  that  two  different  corrosion  rates  are  given.  It 
was  found  that  the  alloys  corroded  slower  during  the  first  six  hours 
of  immersion  (dashed  line  of  Figures  20  and  21)  than  during  the  remaining 
test  hours  (20  hours).  The  difference  was  attributed  to  changing  conditions 
on  the  test  specimen  wetted  surface.  On  immersion,  the  surface  was 
smooth.  As  corrosion  proceeded  the  surface  became  pitted  and  consequently 
the  exposed  surface  area  increased.  Eventually  (3  to  6 hours  after 
immersion)  the  exposed  surface  area  became  relatively  constant  and  corrosion 
proceeded  at  a steady  rate.  The  solid  lines  in  Figures  20  and  21  represent 
t the  steady  state  corrosion  rate  after  six  hours  of  immersion. 


K ' Figure  20.  Surface  corrosion  rate  for  alloys  with  different 

percent  iron  cathode  content.  Corrosion  decreases 
with  decreasing  cathode  content.  The  dashed  line 
indicates  the  corrosion  rate  during  the  first  6 
hours  and  the  solid  line  the  corrosion  rate  from 
* 6 to  20  hours. 
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Figure  21.  Summary  of  surface  corrosion  ratio  for  all  samples 
tested.  The  dashed  line  indicates  corrosion  rate 
during  the  first  6 hours  and  solid  line  the 
corrosion  from  6 to  20  hours. 

As  expected,  from  the  results  of  previous  tests,  the  surface  cor- 
rosion rate  increased  with  increased  cathode  content  and  the  general 
order  of  ranking  (Fe,  Ni , Ti,  Cu  and  C)  remained  unchanged  from  the  results 
of  disc  tests. 


Discussion 

Results  of  tests  with  the  Mg-9.8  Fe  powder  as  shown  in  Figure  6 
demonstrated  that  alloy  corrosion  performance  was  affected  by  manufacturing 
parameters.  The  optimum  manufacturing  parameters  for  each  alloy  (in 
terms  of  reaction  efficiency  and  strength)  are  probably  unique  for  that 
alloy. 

An  investigation  of  the  milling  parameters  for  each  alloy  tested 
would  result  in  a faster  reaction  rate  and  higher  reaction  efficiency. 

The  effect  of  milling  parameters  on  mechanical  strength,  time  to  failure 
for  barstock  and  surface  corrosion  rate  is  not  known  at  this  time. 
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Combined  compacting  and  sintering  significantly  reduce?  the  reaction 
rate  over  that  of  the  powder  form.  The  magnitude  of  this  change  is 
shown  in  Figure  22  by  a comparison  of  the  results  of  power  and  disc 
samples  (550  M pascals)  for  the  Mg-4.3  Fe  alloy.  Reducing  the  compaction 
pressure  below  550  M pascals  will  result  in  increased  reaction  rate 
and  decreased  mechanical  strength.  For  applications  where  strength 
is  important,  compacting  to  550  M pascals  and  sintering  to  700°F  for 
one  hour  in  a CO2  atmosphere  are  recomr./^nded. 


Time  (Hours) 


I I 

' Figure  22.  Shown  is  a comparison  of  the  reaction  rate 

I for  the  disc  and  powered  samples  for  the 

I I Mg-4.3  Fe  alloy.  Compacting  greatly  reduces 

I the  reaction  rate. 


Time  to  70 ; Completion  (Hours) 


In  addition  to  milling,  compacting,  and  sintering,  =»lloy  corrosion 
performance  is  a function  of  the  amount  and  type  of  cathode  material 
present.  Figure  23  summarizes  the  results  of  powder,  disc  and  barstock 
tests  for  the  iron  series  alloys.  The  reaction  rate  increases  with 
cathode  content  up  to  20  atomic  percent.  Increasing  the  cathode  content 
over  20  percent  will  not  result  in  a significant  change  in  the  reaction 
rate.  Similar  results  are  expected  for  other  cathode  materials. 
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Figure  23.  A summary  of  the  results  of  powder,  disc  and 
barstock  samples  for  the  iron  series  shows  the 
effect  of  cathode  content  on  reaction  rate. 


I 


i 


Barstock  time  to  failure  (hours) 


Reaction  rate,  time  to  failure,  surface  corrosion  rate,  and  mechanical 
strength  of  the  alloys  tested  also  depend  on  the  cathode  type.  Ranking 
for  the  different  cathode  materials  tested  is  summarized  in  Table  5. 

Magnesium  with  titanium  as  the  cathode  formed  the  strongest  alloy 
tested  while  magnesium  with  nickel  reacted  fastest. 


Table  5.  Order  of  Ranking  for  Materials  Listed. 


Fast 

Powder 

Disc 

Barstock  Failure 

Surface  Corrosion 

Ni 

Ni 

Ni 

Fe 

i 

( 

Fe 

Fe 

Ti 

Ni 

1 

1 

Cu 

Ti 

Fe 

Ti 

V 

C 

Cu 

Cu 

Cu 

Slov/ 

Ti 

C 

C 

C 

APPLICATIONS 

Supercorrodi ng  alloys  were  conceived  as  sources  of  heat  and  hydrogen 
gas  for  use  in  remote  areas  such  as  in  the  ocean.  Heat  and  hydrogen 
gas  production  is  discussed  in  reference  2.  As  a heat  source,  the  alloys 
can  be  used  to  warm  divers  or  melt  ice  in  arctic  regions.  The  hydrogen 
produced  can  be  used  to  power  fuel  cells  and  internal  combustion  engines, 
or  to  provide  buoyancy  for  lifting  heavy  objects  from  the  ocean  floor. 

The  research  discussed  herein  was  selected  to  generate  information 
which  is  useful  for  applying  the  technology  to  the  design  of  self-destructing 
linkages  for  use  in  the  ocean.  The  link  could  be  in  the  form  of  a round 
pin  which  holds  the  object  to  be  released  to  an  anchor  or  instrument 
package.  Another  useful  form  for  a corrodable  link  would  be  that  of 
a flat  round  disc  one  surface  of  which  is  exposed  to  the  ambient  seawater. 
Upon  immersion  the  surface  would  corrode  and  the  disc  eventually  fail. 

The  failure  could  be  used  to  facilitate  flooding  and  scuttling  or  to 
activate  other  mechanical  and  electrical  functions. 

Desirable  failure  time  for  corrodable  linkage  devices  varies  depending 
on  the  application.  For  example,  it  may  be  desired  to  retrieve  a sampling 
device  within  one  to  eight  hours  of  deployment.  In  another  application, 
it  may  be  desirable  to  scuttle  a surface  float  such  as  a sonobuoy  after 
eight  to  ten  days  of  operation. 
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The  present  method  of  design  for  corrodable  linkages  is  to  form 
galvanic  couples  of  dissimilar  metals,  the  anode  of  which  serves  as 
the  destructing  link.  This  type  of  linkage  has  been  generally  unreliable 
because  of  the  need  for  a reliable  low  resistance  connection  between 
the  anode  and  cathode  materials.  Even  a slight  degradation  of  this 
connection  can  result  in  a significant  change  of  the  activation  or  release 
time. 

Supercorrodi ng  alloys  offer  a solution  to  the  difficulties  experienced 
with  presently  used  corrodable  links.  With  supercorrodi ng  alloys  the 
anode  (magnesium)  and  cathode  (iron,  nickel,  etc.)  are  confined  to  form 
a material  which  self-destructs  on  immersion  in  seawater.  The  destruction 
time  depends  on  several  factors  such  as  cross  sectional  area  of  the 
link,  cathode  material,  percent  of  cathode  material  present  and  surrounding 
temperature.  The  data  presented  herein  provides  a baseline  by  which 
a preliminary  assessment  of  alloy  performance  and  applicability  for 
use  in  a particular  application  can  be  determined.  Further  refinement 
of  the  technology  can  be  tailored  once  a specific  application  is  defined. 


SUlWRY  AND  CONCLUSIONS 

Alloys  of  magnesium  and  various  cathodic  materials  were  fabricated 
by  the  International  Nickel  Company  (INCO)  and  tested  by  the  Civil 
Engineering  Laboratory  (CEL)  to  determine  their  corrosion  properties. 

In  both  powdered  and  solid  form,  the  alloys  were  found  to  have  a high 
reaction  efficiency^  In  powdered  form,  the  alloys  corrode  rapidly 
and  the  rate  of  corrosion  depends  on  both  the  cathode  type  and  cathode 
content.  Magnesium  with  either  a nickel  or  iron  cathode  corrode  most 
rapidly.  Compacting  and  sintering  the  alloys  produces  solid  forms  that 
have  significant  shear  and  tensile  properties  which  can  be  useful  as 
self-destructing  linkages  and  timing  mechanisms  for  use  in  the  ocean. 

The  activation  or  failure  time  of  the  linkage  can  be  tailored  by  selection 
of  the  cathode  content  and  cross-section  dimensions.  In  this  manner, 
it  is  expected  that  activation  times  from  minutes  to  days  can  be  reliably 
achieved. 

The  preliminary  data  provided  in  this  report  can  be  used  to  determine 
the  applicability  of  supercorrodi ng  alloys  in  a particular  application. 

Final  selection  of  the  alloy  cathode  and  level  of  cathode  present 
depends  upon  the  end  use.  Prior  to  manufacturing  a particular  alloy 
a study  of  the  effect  of  milling  parameters  on  corrosion  performance 
should  be  performed.  This  study  will  insure  optimum  corrosion  performance, 
mechanical  strength  and  uniformity  of  the  final  product. 
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ARMA  MOBIL  FQITP  R&DCOM  Mr.  Cevasco.  Fort  Belvoir  MD 

ARMA  I RANSPORI  AITON  SC  HOOL  MAJ  I Sweeney.  Code  A I SPC  D-TF  Fort  Fustis  VA 
ARMA  PL.A.SriX'  Picatinny  Arsenal  (A  M .An/alonc.  SMUP.A-FR-M  D)  Dover  NJ 

ASSr  SFCRl  l .ARA  t)F  I Hi;  N AVA  Spec.  .Assist  Fnergy  (P.  W.iterman).  Washington  DC;  Spec.  Assist  Submarines. 
W.ishingion  IX' 

Bl  RI  AL  OF  RI  C l AM.AI  ION  Code  1512  (C.  Selander)  Denver  CO 
CTNCL.ANI  Civil  ITigr.  Supp.  Plans.  OIr  Norfolk,  V.A 

CNO  CiKle  NOP-dM.  W .ishingtirn  DC;  Code  OP  .J^.L  Washington  DC;  C'lHle  OP  987  W ashingtiin  DC;  Crxle  OPNAV 
()9B:4iHi;  C.Kle  OPNAV  Wash  IX';  C <Hle  OPNAV  :,L  Wash  DC  ; OPV87J  (J.  Boosman).  Pentagon 
COMC'BP.AC  Operations  Off,  M.ikalapa  HI 
COMN.AVHF.AC  tlPHlBRLI  IR  AGRC  ONF  S.in  Diego  C A 
COMtX  F.AN.SA  SP.AC  SC  F.  Pearl  H.iiNrr  HI 
COMSITJDI  VGRl ONI  t)per.itions  offi . San  Diego.  CA 
DFFFNSI  IXX  I MFNLAIION  C IR  Alexandria.  VA 
DFFFNSF  INII  1 I IGFNC  1 ACil  NC  A Dir  . Washington  DC 
DMAHC  C ixle  LAI  Washington  DC 
IX  )F  IX  C ohen 

DTNSRIX  C'lHle  l7(Xi,  Bethesd.i  MD;  C inle  17:  tM  Kren/kel,  Bethesd.i  MD 
l)l\smx'  ( 'ihJc  784 1, a Kiifolo).  Ann.ipolis  MD;  Code  .'7:  i Library  ).  Annapolis  MD 
CiS.A  Fed.  Sup  Seiv  iFMBPl.  W.ishingion  DC 
HFDSl  PPAC  I PWO.  I.iipei,  l.iiwan 

M. ARINF  CORPS  BASF  PWO  C amp  I eieiine  NC 

Me  AS  Facil.  Fngi  Div  C heiry  Point  Nt  , CO.  Kaneohe  Bay  HI;  J laylor.  Iwakuni  J.ipan 
Mil  IFARA  SI  Al  II  I COMMAND  Washington  IX 

N. ASC'ode  I8‘’()(l.  Biunswicf  Ml  . Du  I til  Div  . Beimiid.i;  FNS  Biichhol/.  Pensacola.  FL;  Lead.  Chief.  Petty  Offr. 

PW  .Self  Help  Div.  Beevillc  I X;  PW  iJ  M.iguiiei.  Corpus  C'hristi  LX;  PWO  Key  West  FL;  PWO,  Cilenview  11.; 

SCI  Norfolk.  A A 

NAll  RIM  ARC  H ( t)l  NC  II  N.iv.d  Studies  Bo.ird.  Washington  DC 

N AV.AC'I  PWO.  London  I K 

NAVALROSPRI  CiMl  IX  I N SC  F . Pens.icola  IT 

NAVCOASISA  SL  AB  CO.  Panam.i  City  FL;  CiHle  714  tJ,  Quirk)  Panama  City.  FL;  CiHle  715  tJ.  Mittleman)  Panam.i 
City.  IT  . Libr.iry  P.in.im.i  City.  FT 
NAVC O.Vf.MAKF  AMSIRSJ  A ,S(  F I nil  I Naples  Italy 
NAVCOMMSr.A  C'lHle  401  Nea  Makri.  Greece;  PWO.  1 xmouth.  .Australia 
NAVFDIR.APRODFVC  I N lech  Library 
N.AVFLI  XSA  SCOM  Cinle  PM  I 1 74-hl . W ashington  IX 
N AVFNVIRHI  I HCFN  CO.  Cincinnati.  OH 
NAVFODI  AC  C iHle  W)5.  Indi.m  He.id  MD 

NAV'FAC  PWO.  Barbados;  PWO.  Centerville  Bch.  Ferndale  CA;  PWO.  Ciuam 

N.AVF.ACFNGC'OM  Cinle  044  Alexandria.  VA;  Cinle  044  Alexandria,  VA;  Cinlc  0451  Alexandria.  VA;  Cixle  0454  (D. 
Potter)  Alexandria.  V.A;  Cinle  0454B  .Alex.indria.  V.i;  Cinle  ()4B4  Alexandria.  V.A;  Cinle  (I4B5  Alexandria.  VA; 
Cinle  101  Alexandria.  VA;  Cinle  10144  tJ  I cimanis)  .Alexandria.  V.A;  Cmle  107.4(1.  Stevens)  Alexandria.  VA;  LI 
Parisi.  Cinle  PC-:  .Alexandria.  V.A;  Morrison  Yap.  Caroline  Is.;  P W Brewer  Alexandria.  VA;  PL-:  Ponce  P.R 
Alexandria.  V.A 
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NAVFAC'l-.NClCXtM  - C'Ht-S  UIV.  Code  fl'O  I Wioh.  DC;  FPO  l (Speneer)  W;ish.  DC;  (•PO-I  W;ish,  IX  ; 

Schtvsscic.  C\»dc  402.  W iish.  IX' 

NAVI  ACF.NCiCDM  - l.ANI  DIV.;  V in . HR  Depniy  Dir.  Naples  ll;iK;  RDI&Fl.O  lo:.  Norfolk  VA 

NAVI  AC  I NCiCOM  - NORTH  DIV.  (Boreisks ) Phlladelphin.  I’A;  CO;  Code  (NPd.CDR  A.J.  Sleoaro;  Code  1028. 

RDIiSil-.l.O.  Philadelphia  P,\.  Desijjn  Div.  (R  M;isino).  Philadelphia  PA;  ROIC'C.  Conlraels.  Crane  IN 
NAVI  ACFNCiCOM  • PA(  DIV.  ( ode  4112.  RDI  &i;.  Pe.irl  H.irbor  HI;  ( ommander.  Pearl  Harbor.  HI:  PC-2 
Alcsandu.i.  VA 

NAVI  ..\ci  NCiCOM  sot  I II  DIV.  C ixle  9(1.  KDI<ICi;i  ().  Chaileslon  SC 

N.AVI  ..\C  l.NtiC  ()M  - WI  Sl  DIV.  Code  (MH;  O9P,.20;  RDIVtlil.O  Code  2(11 1 .San  Bruno.  C A 

navi  ACIiNCiCOM  CONiRAC  I linn  l>i'  dir.  Soulh«est  Pae.  M.mila.  PI;  OICC.  SoiKhwesi  Pae.  Manila.  PI;  ROK  C 
Off  Poinl  Munu.  C.\ 

N.AVHOSP  I I R lilshernd.  PiieKo  Rieo 

\.\VNtPV\Rt  MtSli  Dli  l C iHle  NPt -.X)  Pori  Hiieneme.  CA 

NAVXK  IiANO  Code  lh(K)  Bay  Si.  l oins.  MS;  Code  .14.12  iJ.  DePalma).  B.iy  Si,  l.ouis  MS 

N.AV(K'I'..-\NSV  .SCI-.N  Code  4(19  iD.  (i.  Mooie).  San  Diego  C,\;  Code  447.f  Bayside  l.ibiary . San  Diego.  CA;  Code  .‘>2 
(11.  T.ilkmgloni  San  Diego  CA;  Coele  .VIM  iJ.  Staehiw).  ,San  Diego.  CA;  Code  VI4  (H.  Wheeleii.  S.in  Diego  CA. 

C ode  .^224  (R.Jonesi  S.in  Diego  ( A;  ( ode  h.^fi.''  ( leeh.  l ib.).  San  Diego  CA;  Code  T.^l  I (PWO)  San  Diego.  CA 
N.AVPOSCOI,  D.  I.eipper.  Monlerey  C.A;  li.  Ihornlon.  Monicrey  C.A;  J.  (jarrison  Monterey  C,\ 

N.-\V  PHI BA.SI'.  CO.  .AC  B 2 Norlolk.  V.A;  ( ode  S.l I . Norlolk  V A;  H;irhor  C'lear;inee  Unit  I si o.  I idle  ('reek  V \ ‘ 

OIC.  tCIONi;  Norfolk.  Va 
NAVRIiOMliDCKN  SCIi  (1).  Kaye):  SCK.  (iu.im 
NAVSCOl.Cl.copp C.cs  Pori  Hiieneme.  CA 

NAV  SliASVSCOM  Code  (H)C-DB  DRieorge.  W.ishmglon.  DC;  Code  OOC  (1.1  R.  MaeDotig;il i.  Washinglon  IX';  Code 
Sli.X  IKK'  W.ishmglon.  DC 
N.AVSl  (■  CiHle  hl).l4  (l  ibrary ).  Washington  DC 
N.AVSHIPRI  PI  AC  1 ibrary.  Ciuam.  SCI.  Subie  Bay 

N.AV  SHIPV  D;  ( iHle  202.4.  1 ong  Be.ieh  ( .A;  Code  202..'  1 1 ibrary ) Pugel  Sound.  Bremerton  W.A:  Code  440  Porlsmoulh 
Nil;  CiKle  440.4,  Charleston  SC.  Salvage  Siipi,  Phiia..  PA;  Tech  l.ibiary,  Vallejo.  CA 
N.AVSl  A CO  N.ival  Slaiion.  Mayporl  11.;  ( ()  Roosevell  Roads  PR.  Puerlo  Rieo;  Maim.  Coni.  Div..  (iuanlanamo 
B.iy  Cuba;  PW  D ( 1 . 1 JCi.P.M  Mololenieh).  Puerto  Rico;  PWO  Midvvay  Island:  PWO.  KefLivik  Icekind.  PWO. 
M.iyporl  It;  S(  1 . (lu.im;  SCIi.  Subic  Bay,  R.P.;  Utilities  KngrOff.  (l.UG  A S.  Rilchiei.  Rota  Sp.iin 
N.AVSl  A BISHOPS  POINT  H.irbor  Clear.  Unit  one.  Pearl  Harbor.  HI 

N.WSl  PP.A(  1 (ode  4l.t  Seattle  W.A;  I IJ(i  Mefiarcih.  Vallejo  C.A;  Security  Offr.  San  Irancisco.  C.A 
N.AVSCRI  W PNCliN  PWO.  White  O.ik.  Silver  Spring,  MD 
NAV  ITiCH  I R.ACliN  .SCt . Pensacola  11. 

N.-AVW  PNCl-.N  ( ode  2h.Pi  |W  . Bonner).  China  t.ike  CA 

NAVWPN.S  I A li.ARl.t  Code  092,  Colls  Neck  NJ;  PW  Office  (Code  09(1 ) A orklown.  VA;  PW  O.  .Seal  Be.ich  CA 
N.AVWPNStPVH  liN  Code  1)9  ( rane  IN 
N(  BU  405  OK  . San  Diego.  CA 

NCBC  ( lit  AOIC  Port  Hiieneme  CA;  ( ihIc  10  Davisville,  Rl;  Code  15'.  Port  Hiieneme  C.A;  Code  I'h.  Port  Hiieneme 
(A 

NOAA  l.ibiary  RiKkville.  MD 

NORDA  ( IHle  410  B.iy  St  toms.  .MS.  ( mle  440  tOcC.in  Rsch  Off)  Bay  St.  toms  MS 

NRt  CiKle  84(H)  Washington.  D(  . Cinle  8441  (R  A Skop),  W.ishmglon  DC;  Rosenthal.  Cinle  8440  Wash  IX 

NSI)  SCt.  Subic  Bay.  R P 

N IC  CiHic  54  itNS  P (i.  J.ickel).  Orlando  I t 

N.AVIK'li.ANSVSCliN  Hau.iii  t.ib(l)  MiMirci.  Hau.iii 

Nt(  I tAR  RKittAroRV  (OMMISSION  1 ( Johnson,  Washington,  IK 

Nl  SC  CiHle  I H New  tondon.  ( t;  Cinle  tAI2.l  iR  S Miinn).  New  tondon  C t.  Cixle  S,5.52.  B-80  (J.  WilcoH);  Code 
SB  OI  (Brown),  Newport  Rl.  ( ode  l AMI  (O.  IV  l.i  Cru/i,  New  tondon  Ct 
(K'l  .AN.AV  Mangmi  Info  Div.,  Arlington  V A 
(X  t.AN.SVSI.ANI  tl  A R (ii.incol.i.  Norlolk  VA 

ONRiDr  t.A.  Silva)  Arlington.  V.A.  BROIt,  (()  Boston  MA.  Code  221.  Arlington  V A;  Cinle  481 . Arlington  VA; 

CiHle  481.  B.iy  St.  toms.  MS:  Code  7(8)1'  .Arling(on  VA;  Dr.  .A.  I.aufer.  Pasadena  C.A 
PHIB(  B I P&ti.  ( oron.ido.  ( A 

PM  re  CiHle  DJI  (S.  Opalowsky ) Point  Miigu.  CA;  tOD  .Mobile  Unit.  Point  Mugu.  CA;  Pal.  Counsel.  Poinl  Mugu  CA 
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I’WC"  C'C)  Norfolk.  V A;  C'O.  (ircat  l.akcs  II.;  Code  I20C  (l.ibrarv ) San  Diego.  C.A;  Code  200.  (ireal  Cakes  II.;  Code 


220.1.  Norfolk  VA;  Code  4(H).  Pearl  Harbor.  HI;  Code  4(H).  San  Diego.  CA;  Code  7(H).  San  Diego.  CA;  OIC 
CBL'-40.C  .San  Diego  CA 
CCT  TWO  Die.  Pori  Hiieneme  C A 

I .S.  MCRCHAN  1 MARINI-:  ACADKMV  Kings  Poinl.  NV  (Reprint  Custodian) 

CS  DI  Pl  Ol-  IN  n RIOR  Bureau  of  Land  MNGMN T ■ ( ode  (T.K.  Sullivan)  Wash.  IK' 

CS  (iKOl.ODIC.Al.  SCRVCV  Off.  Marine  Geology.  Pileleki.  Resion  VA 
L:S  N.ATIONAI  MARINI;  USHCRIKS  SI  RVICI:  Highlands  NY  (Sandy  Hook  l.ab-l.ibrary  ) 

1.  S NAVAL  lORCCS  Korea  (KNJ-P&O) 

CSCG  (G-I  C V)  Washington  De;  (G-CCV  61 ) (Burkharl)  Washington.  DC;  |G-MP-.CUSP/S2|  Washington  IV; 

G-i:Oi:-4/6l  ( T.  Dowd).  Washington  DC 
CSCG  .-NC.-kDl^MY  1.1  N.  Slraniandi.  New  l.ondon  Cl 

CSCCi  RtVD  CI  N ri:R  CO  Groton.  Cl  ; D.  Motherw.iy.  liroton  C l ; l eeh.  Dir.  Groton.  Cl' 

( eSN.A  Ch.  Meeh.  I'ngr.  Dept  Annapolis  Ml);  Oee;in  Sys.  Cng  Dept  (Dr.  Monney)  .Annapolis.  Ml);  Oeeanography 

IX'pl  (Hoffman)  .Annapolis  Ml);  PW’D  Kngr.  Div.  tC.  Bradford)  .Annapolis  Ml) 
kMI  RlCAN  CONCRHI  i:  INSTI  l l l i:  IX-troit  Ml  (Library) 

AMI  RICAN  CNIVI  RSM  Y W.ishington  IX' iM.  Norton) 

CAl.ll  . DI  P!  Ol  PISH  & G.AMi:  Long  Beaeh  CA  (Marine  Teeh  Info  Cirl 
C.AI.IL.  Dl  PI  Ol-  N AVIG.ATION  & OCLAN  DLV.  Saeramento.  CA  ((i.  Armstrong) 

C.AI  IP.  MARI  1 IMP  ACADPMY  V.illeio.  CA  (Library! 

CAl.ll ORNI.A  INSTI  rCTp;  OP  TPC  HNOLOGY  Pasadena  CA  (Keek  Ref.  Rm) 

( AI.IPORNIA  SI  All;  CNIVPRSI TY  LONG  BPACH.  (A  (CHPLAP.A  Tl );  LONG  BPACH.  C A (YPN);  LOS 
ANGPLPS.  t AtKIMi 

C AIHOI.IC  CNIV.  Meeh  pngr  Dept.  Prof.  Nied/weeki.  Wash..  DC 
COLORADO  SPA  I P CNIV..  I OOl  HILL  CAMPCS  Port  Collins  i Nelson) 

CORNPl.l.  CNIVl  RSIIA  Ith.iea  N't  iSeiials  Dept.  Pngi  Lib.) 

DAMPS*  MOORP  I IBR.ARY  LOS  ANCiPl.PS.  CA 

DL  KP  CNIV  Ml  Die  \l  Cl  N I LK  B.  Miiga.  Durham  NC;  DURHAM.  NC  (VPSK  I 

1 I.ORIDA  Al  LAN  1 1C  CNI\  1 RSI  l Y BOCA  R ATON.  PL  iM(  Al  l ISTPRi;  Boea  Raton  PL  (Oeean  Pngr  IX'pt..  C. 

I.ini 

I LORIDA  Al  l AN  I K CNIVPRSI  l Y BiKa  Raton  IT.  (W  . Tessin) 

I LORID.A  -M  LANTIC  CNIVPRSI  I Y W . Harlt.  Boea  Raton  PL 

I I.ORIDA  TPtHNOLOGKAl.  I NIVPRSIIY  ORLANDO.  PT.(H.ARIMAN) 

Gl ORGI.A  INSn  I CTI  OP  TPCHNOI.OGY  Atlanta  GA  (Sehool  of  Civil  Pngr..  Kahn);  .Atlanta  GA  (B.  Ma/antil 
INSrilT  IP  OP  M.ARINP  SCII  NCPS  Morehe.id  City  NC  (Direetorl 
IOW  A SI  ah:  CNIVPRSI  l Y Ames  LA  (CP  Dept.  Handy) 

LPIIIGH  CNIVI  RSIl  Y Bl  I HLPHPM.  PA  iMARINP  GPOl  PCHNICAI.  LAB..  RICHARDS);  Bethlehem  PA 
il-rit/  Pngr.  Lab  No.  LL  Beedle);  Bethlehem  P.-\  (l.inderman  Lib.  No. .1(1.  Pleeksteinerl 
LIBRARY  Ol  CONGRPSS  W ASHINGION.  IX  ISCIPNCPS  * 1 PC  H DIV) 

MAINP:  MARHIMP;  .-\C  ADI  my  iWymaiDCastme  Ml  ; CA.STINK.  Ml  (LIBRARY) 

MICHIGAN  TPC  HNOLOGIC  AL  CNIVLRSITY  Houghton.  Ml  iHaas) 

Mi  r Cambridge  MA;  Cambridge  MAiRm  1(1- .“'(H).  Teeh  Reports.  Pngr.  Lib  );  Cambridge  M.A  (Whilmani;  Cambridge. 
M A (Harleman) 

NATL  \C  ADPMY  Ol  PNCi  ALPX.ANDRIA.  VA  iSPARI.i:.  JR  I 
' NOKlTIWl  sri  RN  CNIV  /..P.  Ba/ani  Pvanston  11. 

CNIV.  NOIRP  DAMP  Kalona.  Notre  Dame.  IN 

ORPCiON  STAl  p;  UNIVPRSITY  (CP  Dept  Graee)  C orvallis.  OR;  C ORVAI.I.IS.  OR  (CP  DPPI . BPI  L);  Corvalis 
I ■ OR  (Sehool  of  (Xcanography) 

PPNNSYI.VANIA  STAl  P UNIVPKSIT')  ST.ATP  C OPPPGP.  PA  (SN)  DPR);  State  C ollege  PA  (Applied  Rseh  1 ab); 
‘ CNIVPRSIT')  PARK.  PA  (GOTOI.SKI) 

PI  RDCP  UNIVPRSITY  Pafayetle  IN  (Peonards);  l.afayclle.  IN  ( Altsehaeffl );  l.afayelte.  IN  iC  1 Pngi.  Lib) 

SAN  l)ll!(i<)  SI  ATI  IjNIV . I . Noor.inv  Siin  Diego.  C'A;  Dr.  KrivhnamooHh> . San  Diego  ( A 
! ■ sc  RIPPS  INSTIl  l TP  OP  OC'PANOGRAPHY  LA  JOLLA.  CA  (ADAMS) 

SPACn  p U Prof  Sehwaegler  Seattle  W'A 

; SOUTHW PST  RSCH  INST  King.  San  Antonio.  TX.  R.  IX-Hart.  San  Antonio  TX 

k • STANPORD  UNIVPRSITY  Pngr  l ib.  Stanford  CA;  STANPORD.  C A (IX)UGLASl 

i SIMP  UNIV.  Ol  NPW  YORK  Buffalo.  NY;  Port  Sehuyler.  NY  (l.ongobardi) 

i IPXAS  A*M  UNIVPRSU  Y College  Station  IX  (CP  IX-pt.  Hcrbieh);  W .B.  Ledbeltcr  College  Station.  IX 
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IM\  I KSI I ^ <»l  \l  ASKA  M.iiinc  Scic-ncc  Insi.  C ollege.  AK 

I MVl  KSirV  ()1  t Al  11 ORMA  BKRKl  l.rA  . C A (Cl-  lil  lM  . CJHRWK  Kl;  Bl  RKl  l l Y.  C A (C  l-  l)i;Pl . 

Milt  HI  1 1 i;  Bcil>clc>  f \ (B.  Bicsloi);  Bcikcley  t A iDcpl  of  Nnv;il  Arch  );  Bcrkclct  t'A  (I-.  Pearson);  DAVIS, 
t Alt  1 1)1  PI.  I AVl.DR).  la  Jolla  t Al.Acq.  Dept.  l.ib.  C-<l7.'iA);  SAN  DllXit).  t'A.  I A JOI.I.A.  (A  iSl  ROt  Kl) 

1 NIV  I RSI  lA  t )t  t'DNNKt  l it  U I tiiolon  t'l'  (Inst.  M.iiinc  Sci.  l.ibrarv  ) 

I NIVI  RSII)  (II  DI-1  .A\t  .\Rl-.  Newark.  DP  (Dept  of  Civil  laiginocring.  I'hcsson) 

I \1VI  RSin  Ol  HAWAII  HDNOl.Ul  I . HI  iSCIPNCP  AND  TPCH.  DIV);  Honolulu  HI  (Dr.  S/ilaiil) 

! I NIVI  RSin  Ol  II  I INOIS  Met/  Ref  Rm.  Crbana  IP;  URBAN  A.  IP  ( DAVISSON );  LRBANA.  IP  (PIBRARN  );  i 

I KBANA.  IP  (M  W.MARK) 

I NIVI  RSI  I V Ol  M ASSAt  HUSl  1 I S i Heioneinusi.  Amheisi  MA  Cl  Dept 
I NIVI  RSIIA  Ol  MK  HItiAN  Ann  Ai bor  Ml  ( Riehai I ) 

I NIVI  RSI  IV  Ol  Nl  BRASKA-l  INCOPN  Piiieoln.  NP  (Ross  Ice  Shelf  Pro.)  I 
I NIV  RSI  If  til  NPW  HAMPSHIRP  Dl  RHAM.  NH  (I  AVOIP) 

UNI  ..ilY  Ol  PI  NNS^  I V ANIA  PHll  ADPl  PHIA.  PA  (St  HOOP  OP  PNGR  & APPPIPD  St  IPNt  P.  Rol  l.) 

UNIVI  RSII  V Ol  RHODl  ISl  AND  KINtiSlON.  Rl  (PA/.IS);  Nariagansetl  Rl  (Pell  Marine  Sci.  l ib.)  , 

UNIVPRSII  V Ol  SO.  CAl  IIORNIA  Univ  So.  I ahf 

iUNI  VI  R.SI  r>  < )l  IP.X.A.S  lns|,  .Marine  Sci  (Pibiar)  ).  Poll  .Arkansas  IX  i 

I NIVI  RSI  lA  OP  W ASHINti  lON  Seatlle  W A (M.  Sherif);  Depi  of  Civil  Pingi  (Dr.  Mattock).  Se.ittle  W A;  | , 

SPAPIl  P.  W A (APPI  II  D PHYSICS  I.AB);  SPAllPP.  W A (MPRCH  AN  Tl;  SPAI  TIP.  W A (()(  IAN  PNti  I 

RSt  H 1 AB.tiRAY);  SP.Vl  U P.  W A tPACH  If  MARINP  PNVIRON.  I.AB..  HAPPI  RN);  Seattle  W All 
Pi  niter ) 

UNIVI. RSI  IA  Ol  W ISCONSIN  Milwaukee  W1  (Cli  of  (ire.it  Pakes  Stiklies) 

URS  Rl  SPARt  II  to.  PIBRARY  SAN  M.ATPO.  C A 
VIRtllNiA  INSI . Ol  MARINI;  SCI.  tiloucesier  Point  VA  (l.ibrarv ) 

.AtiBABlA.N  ASSOC,  t . B.iititc.  11  .Settiiiijo  CA 
Al  1 Rl  D A.  YPI  iS  ASSOt  . Honolulu  HI 
AMI  U K Offshore  Res.  A;  1 iiKr  Div 
AMSCO  Dr.  R McCov.  prie.  PA 
ARC.AIRCO  D.  Yotinit.  Pancasier  OH 
ARVIDtiRAN  l Ol  YMPI  A.  W A 

t AH  ANllt  RIt  HI  11  PDCO.  DAI  PAS.  IXiSMIlH) 

P Bl  CHI  I P CORP.  SAN  1 R.ANCISCO.  CA  iPtlPPPS) 

Bl  PtiIC.M  IIAI  tON.  N.V..  ticnl 

! Bl  1111  1 HI  M Si  l l 1.  CO.  Dismiike.  Beihelehem.  PA 

BOl  W KAMI’  IN(  Berkelev 

BRAND  INDl  S SI  RV  INt  . J Buehicr.  H.icienda  Heisthts  CA 
BRIIISH  I MB.ASSA  Sci.  sV  lech  Dept.  (J.  McAiileu.  Washington  DC 
, BROW  N \ ( Al  DW  1 1 1 I M Saunders  W.ilnut  Creek,  t A 

BROWN  \ ROt)l  Houston  I X (D  W.ud) 

C AN. ADA  Can- Dive  Services  il  nglish)  North  Vancouver;  l.ibrarv . Calgarv . Alberta;  Pockhced  Petro.  Serv  l td.  New 
Westminster  B t ; l.ockheed  Petrol.  .Srv.  l td..  New  Ueslinmsiei  BC.  Mem  Univ  Newfoundland  (Chan).  St  Johns; 

Nov. I Scotia  Rsch  Pound.  Corp.  Dartmouth.  Nova  Scv'ti.i;  Surveyor.  Nenninger  A;  Chenevert  Inc..  Miviitreal; 

Irans  Mnl  Oil  Pipe  Pone  Corp  V.ineoiiver.  BC  Canada;  Warnock  Hersev  Piof  Srv  l td.  Pa  Sale.  Quebce 
I t 1 BRAUN  to  Du  Bouchet.  Murray  Hill.  NJ 

t HI  VRON  OH  PII  PD  RPSI  ARt  II  t ().  PA  HABRA,  t A (BROOKSi 
COPUMBIA  til  PI  IRANSMISSION  t O.  HOUSION.  TX  (PNti.  PIB.) 
t ONt  RP  I P 1 I t HNOPOtiY  t ORP.  I AtOMA.  W.A  lANDPRSON) 

' CON  IINPNP  OH  CO  O.  Matson.  Ponca  t ity.  OK 

I Dll  PINtillAM  PRPt  ASP  I McHale.  Honolulu  HI 

DIXIP  DIVlNti  t I N I PR  Decatur.  ti.A 
DR.AVOCORP  Pittsburgh  P.A  (Wright) 

NORW  AY  DPI  NORSK!  VPRI 1 AS  (l  ibrary  ).  Oslo 
PVAPUAPION  ASSOt  INt  KINti  OP  PRUSSIA.  PA  iPPDPl  P) 

I XXON  PRODUt  PION  RPSPARt  H CO  Houston  IX  (A.  Butler  Jr);  Houston.  TX  (Chao) 

, I I ORD.  B.AtON  Ai  DAVIS.  INC.  New  York  (l  ibrary) 

PR.ANCP  Dl . Dutertre.  Boulogne;  1 Pliskin.  Pans;  P.  Jensen.  Boulogne;  Roger  PaCroit.  Paris 
tiOUPDlNt  . Shady  Sule  MDit  hes  Inst  Div  . W Paul) 
tiRUMMAN  APROSPAt  1 t ORP  Bethpiige  NY  ( Pech  Info.  Ctr) 
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HAl  IV  Ac  A1  DKK  H.  INf.  Camhi  idjcc  MA  (Aldrich.  Jr.) 
ri.'M  A M.  C'ali'on).  Milan:  Scigio  lallKni  Milano 
MAKAl  (K'J  AN  KNCiRNCi  INI'.  Kailua.  HI 
KORIi.A  Koica  RncH  Inst.  Ship  <V  Ocean  (B.  t'hoi).  Seoul 

I A.MON  r l)OHJ  RIA  (il.OI.O(ilC  AI  OBSI  RV.  Pali's.ides  NV  iMcC  on  );  Palisadec  NV  (Selwcn) 

I.IN  ( >11  .SIK JRI:  l,N(iR(i  I’.  C how.  S.in  l ianciseoC'.A 

I OC  KHl  I 1)  MlSSll  t S Ac  SP.AC'h  CO.  INC.  1..  I rimble.  Sunnecale  C.A:  Mgr  Naval  .Arch  Ac  Mar  I ng  Sunnvvale. 

C.A;  Sunny  v.ile  C.A  (Renew icvl;  Sunnyvale.  CA  (K  1 . Kerr) 

I (K'KHl  l OOCK.AN  I ABOR.A  IORV  San  Diego  C'  \ iP.  Simpeon) 

MARA  I HON  OH  C'O  HouMon  IX  (C.  Seay) 

Marini-  conc  ri  i i si  rl  c i l rks  inc.  mpi  airii:.  i a (iNCiRAiiAMi 

MCCI  I I l.AND  I NCilNI  I RS  INC  lloiiMon  TX  1 B McClelland) 

Ml  XICO  R.  Caiden.iv 

MOBIL  Pll’i;  MSI  CO  DAI. I AS.  IX  MCiR  OI  I NOR  (NOACK) 

Nl  W I’ORI  NIAVS  SHIPBI.DO  Ac  DRV  DOC  K CO.  Newpoil  News  VA  (lech.  I ih.) 

NORW.AV  A.  lorum.  rrondheini;  D1  1 NORSKI:  VI  Rl  1 .AS  iRoien)  Oslo;  I.  Loss.  Odo:  J.  Cieed.  Ski:  Norwegian 
lech  Cniv  ( Biandl/acg).  Iiondheim 
OC  LAN  LNCilNI.l  RS  S.ACS.AI  I I ( ).  C A ( R VNLC  Kl ) 

(KIAN  Rl  SOI  RCL  INCi.  INC  HOCSION.  IX  (AN  DLRSON ) 


P.AC  11  1C  MARINI  n C HNOl  OOV  1 ong  Be.ich.  C A (Wagner) 

I’ORI  1 ANDCI  MLN  I ASSOC  SKOKIl  . II  iCORI  LA  : SKOKIL.  II.  (Kl  Il  Cil  Rl:  Skokie  II.  (Rsch  Ac  Dev  l.ah. 

I ih.) 

PRI  SCONCORP  KmSON.  MDlKI  1 I I R) 

PI  I RK)  RICO  Piieilo  Rico  iRvch  I ih.i.  Mayaqiie/  P R 
RJ  BROW  N ASSOC  (McKech.ini.  Hoiision.  I X 
RANDCORP.  Saiil.i  Monica  C A ( A.  1 aiip.i) 

RAVMONDINI  I RN.AIION.Al  INC.  1 C olic  Soil  1 ech  Depl.  Pennsaiiken.  NJ 
RIVl  RSIDl  C I MI  N I C ()  Rivervide  C A (W  . Smilhi 
S.-VNDI.A  1 ABOR  A 1 ORII  S 1 ibrary  Div  ..  Livermore  C.A 
SC  lU  P.AC  K ASSOC  SO  NORW  A1  K.  C l (SCIIl  PACK) 

SL.Vll  C 11  CORP  MIAMI.  I 1 (PI  ROND 

SHI  1 1 Dl  VI  1 OPMI  N I CO.  llouMon  IX  iC.  Sell.irs  Jr.i:  llouMon  I X (I  Doyle) 

SHILL  OH  CO.  HOCSION.  IX  ( MARSHALL ):  Houslon  I X (R  de  C aMongrenei:  I Boa/.  llouMon  1 X 
SOl'IH  AMI  RIC.-\  N.  Nouel.  Valencia.  \ ene/iiel.i 
SWI  DI  N Cieolech  Invl:  V BB  (Library ).  Slockholm 
n C HNIC.-M . CO.A  I INCiS  C O < lakmonl  P.A  1 1 ibi.iiy  i 
I IDLW  .AI  LR  CONS  I R CO  Norfolk  V A (1  owler) 

IRW  svsri  MS  C 11  VI  1 AND.  OH  (I  NCi  LIB  ):  RLDONDO  B1  AC  H.  C A (DAI) 

I Nil  I D KINCiDOM  A Demon.  London:  Briiivh  I nibacsy  (Info  Ollri.  VA.ivhingion  DC  Cenieni  Ac  Concrele  Awoc 
Wevham  Spring'.  Slough  Bucks:  C emeni  At  Concrele  Assoc  il  ibiaiyi.  Wcvh.ini  Spiings.  Slough.  C emeni  Ac 
Concrele  Assoc.  (I  n.  L\|.  Bucks:  D Lee.  I ondon:  D New.  Cl  M.iiinsell  \ P.iilneis.  I ondon.  J IVrringlon. 
l.t'iHltin:  1 ibr.iry . Brisicvl.  R.  Browne.  Soulhall.  Middlesev.  R Rudh.im  ( ivbu dshiie.  Sh.iw  \ H.iltonil  . Il.inseii). 
I.oiulon:  laylor.  Woodrow  Consir  ((IMP).  Soulh.ill.  Middlesev:  lavloi.  WoihIiow  C oiisii  iSliihbsi.  Soulhall. 
Middlesev:  I niv.  of  Brisiol  iR  Morg.m).  Brisiol 
W AIT  BRIAN  ASSOC  INC  Houslon.  IX 

W1  SllNC.HOCSl  1 LI  C IRIC  CORP  .Ann.ipolis  MDiCKe.inic  Div  I ib.  Biv.m) 

W1  SI  IN  I Rl  CORP  I gerlon.  Ovnard.  C A 

WISS.  J.ANNLA  . I LSINI  R.  iV  ASSOC  Norlhbrook.  II  iD.W  Pfeitei  I 
WM  C l API’ LABS  • B.AI  II  LI  L.  DC  XBCRV.  MA  (I  IBR.ARVi:  Duvbiiry.  MA  (Richauls) 

W(M)DW  ARD-C  1 > Dl  CONSl'l  l AN  I S ( A H.irrig.ini  San  I rancisco:  PI  A Mol  1 11  Ml  I I INCi  PA  iC  ROSS.  Ill) 
ADAMS.  C.API  (Rl  I ) Irvine.  C.A 
Al  SMOOI  S Los  Angeles.  C A 
ANION  II  DLSKO  Bronvville  NA 
HR  AH  I / La  Jolla.  C A 
Bl'l  KK  K La  C .in.ida 
I 111  l /L  Boulder  CO 
I AVION  Redmond.  W A 
t Rl  HI  SI  I R Old  Say  brook  Cl 
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K.Q.  I’M  Ml- K K.iilii.i.  HI 
1 W.  Mr.RMI-1  W.ishmiiU'n  IK 
V\M  I .M  BOl  Onmtic  t'  A 
(.1  (,'  I'aiiM.  Anlhoin  M . 1 I 


